The fine structure of Methanobacterium thermoautotrophicum which was grown at the optimal temperature, 65 C, as well as at the temperature extremes for growth is described. The most distinguishing feature of this organism is the presence of intracytoplasmic membranes. The internal membrane system consists of triplet membranes which are stacked closely together, frequently appearing as concentric circles without separation by cytoplasm. Aside from this feature, M. thermoautotrophicum proliferates as irregularly curved rods at 65 C and has a fine structure similar to most other gram-positive bacteria. Both low (45 C) and high (75 C) growth temperatures induce structural modifications. These structural changes include rod to spheroidal morphological changes, cell wall abberations, distortion of division septa, misdivisions, and internal membrane deterioration.
We recently described the characteristics of a new strict anaerobe, Methanobacterium thermoautotrophicum (15, 16) (species name previously reported as M. thermoautotrophicus [15] ). This organism is the first reported thermophilic, autotrophic methane bacterium. It is a gram-positive, irregularly curved rod which undergoes drastic morphological change when the growth temperature is varied. A previous study by electron microscopy of methane-producing bacteria by Langenberg et al. (8) demonstrated the presence of intracytoplasmic bodies in Methanobacterium strain M.o.H. and Methanobacterium formicicum, but not in Methanobacterium ruminantium. Recently, the fine structure of Methanosarcina was reported (17) . We present here the fine structure of M. thermoautotrophicum as shown by electron microscopy. In many respects this organism is similar to other gram-positive bacteria. However, in one respect M. thermoautotrophicum is unique: one of the distinctive characteristics of the organism is the presence of a complex internal membrane system. MATERIALS medium with an atmosphere which contained an 80:20 mixture of hydrogen and carbon dioxide as previously described (15) .
Fermentor cultures of 12 liters were grown at either 65, 45, or 75 C into the mid-log phase, at which time samples were removed and employed for phase-contrast and electron microscopy.
Light microscopy. A Carl Zeiss photomicroscope was employed for all phase-contrast observations. Wet mounts of cultures were made on glass slides which previously had been dipped in melted 2% washed agar and then air-dried.
Electron microscopy. For thin sectioning, a fixation procedure was modified from that described by Kellenberger et al. (7) . Equal amounts of a liquid culture and a solution of 2% osmic acid in acetateVeronal buffer which contained 0.1 M CaCl2 at pH 6.1 were mixed at 24 C. After 15 min the cells were centrifuged and suspended in 1% osmic acid in the same buffer. After incubation overnight at room temperature, the cells were centrifuged and suspended in 1.5% agar at 50 C. The agar-cell suspension was cooled and cut into cubes. The agar blocks were placed for 2 hr in 0.5% uranyl acetate in the same acetate-Veronal buffer.
The agar cubes were dehydrated through a graded series of water-ethanol mixtures and then were placed in propylene oxide. They were infiltrated with a propylene oxide-Epon mixture and finally embedded in Epon by standard methods (9) . Sections were cut with a diamond knife on a Reichert OMU-2 ultrami-ZEIKUS AND WOLFE RCA EMU-3D electron microscope.
RESULTS
Morphology. The morphology of M. thermoautotrophicum is greatly influenced by the growth temperature. The optimal temperature for growth is between 65 and 70 C; no growth occurs below 40 or above 76 C. The effect of growth temperature on the morphology of M. thermoautotrophicum is shown in Fig.  1 . At 65 C this bacterium grows as long, irregularly curved rods which can appear filamentous. Filaments consist of chains of linked cells. This organism undergoes a drastic morphological change at the extreme temperatures for growth. At 45 C the cells and filaments curl up tightly in a "cork screw"-like manner; likewise, at 75 C the cells begin to knot up, but to the same degree.
Ultrastructure at the optimal temperature for growth. The general appearance of M. thermoautotrophicum is shown in Fig. 2 . Cells which appear long or filamentous, when observed by phase-contrast microscopy, actually are chains of closely linked cells delineated by cross walls. Individual cells are irregularly curved and display a gram-positive cell envelope structure. The cell division mechanism in M. thermoautotrophicum resembles that of typical gram-positive bacteria such as Bacillus subtilis (5) . Figure 3 illustrates the general ultrastructural features of M. thermoautotrophicum at high magnification. This organism has a typical gram-positive cell wall (average thickness of 16.5 nm), followed by a cytoplasmic membrane (6.5-7 nm), a disperse, granular ribosome region, centrally located nuclear material with deoxyribonucleic acid (DNA) fibrils, and the appearance of internal membranous structure.
Intracytoplasmic membranes occur in all cells and are visible in both longitudinal and cross section as shown in Fig. 4 and 5. The internal membranes seen in thin sections of M. thermoautotrophicum may be formed by invagination of the cytoplasmic membrane (Fig.  6 ) as was previously postulated for membranous organelles present in the photosynthetic (4) and nitrifying bacteria (10). Figure 7 illustrates a longitudinal section of a lysed cell. It can be seen that the internal membranes are not necessarily limited to one area of localization but can occur throughout the cell.
The spatial arrangement of internal membranes of M. thermoautotrophicum is depicted in cross section at high magnification in Fig. 8 . The membranes are oriented closely in stacks, appearing lamellar in nature. The arrangement of stacked membranes frequently appears as concentric, circular structures. Obtaining a section cut in the correct plane for high-resolution microscopy of these membranes is difficult. Figure 10 shows the designated membranous area in Fig. 9 at high magnification. Two triplet membranes are visible; a triplet membrane is composed of two individual membranes. Individual membranes are about 6.5 nm thick and consist of two outer electron-dense layers and an inner electron-transparent layer. They are similar in size and appearance to the cytoplasmic membrane. The parallel, close stacking of the individual membranes in pairs gives rise to the triplet structure. The average thickness of a triplet membrane is 13 nm.
Ultrastructure at the temperature extremes for growth. The fine structure of cells grown at 45 C is illustrated in Fig. 11, 12 , and 13. Aside from the morphological chapge from rods to spheroidal shapes, the most noticeable feature is the gross disturbance of the cell wall architecture. The surface of the cell wall appears irregular and lacks a defined edge. Wall size can be as much as five times thicker than that of cells grown at 65 C. In addition, supernumerary and abberrant division septa are often visible.
The ultrastructural and morphological changes which occur at 45 C are found also in cells grown at 75 C, but not to the same extent. For example, cells rarely become spheroidal and wall thickness never increase more than 2.5-fold. However, misdivisions become more prominent in cells proliferating at the upper temperature extreme for growth. Figure 14 shows a longitudinal section of M. thermoautotrophicum which is undergoing two misdivi-
AMOMM1
. Fig. 14 and 15 ). Cell length dramatically decreases at 75 C, and cross walls become thicker. Likewise, internal membranes are rarely seen at 75 C (or 45 C), and when they do appear they are atypical. The internal membranes no longer appear closely stacked in concentric, circular structures (Fig. 15) ; in addition, membrane size appears distorted. DISCUSSION Complex internal membrane systems, in contrast to mesosomes, are restricted to a few groups of bacteria such as the photosynthetic, nitrifying, and methane-oxidizing bacteria, all of which are gram negative. The intracytoplasmic membranes seen in thin sections of this organism are composed of triplet membrane structures which consist of closely stacked parallel pairs of individual membranes. These membranous structures appear to be formed by invagination of the cytoplasmic membrane. In these respects, the internal membranes of M. thermoautotrophicum resemble the internal membrane systems present in species of nitrifying (10) and methane-utilizing bacteria (3, 14) . However, intracytoplasmic membranes composed of triplet membranes stacked closely together, frequently appearing in sections as concentric circles without seperation by cytoplasm, have not been previously reported in chemolithotrophic bacteria.
The function of the internal membranes present in M. thermoautotrophicum remains an interesting but unsolved problem. Tlhe function of the internal membranes in the photosynthetic (6), nitrifying (10), and obligate methaneoxidizing bacteria (13) has been assumed to be associated with specialized electron transport and phosphorylation. The energy-yielding metabolism in M. thermoautotrophicum, as well as other species of methane bacteria, involves 
